With the primary objective of interpretation of these ages within a diffusion kinetic framework, we have determined the tracer diffusion coefficient of Cr in natural spinels, which are very close to the MgAl 2 O 4 end-member composition, as a function of temperature and oxygen fugacity (f(O 2 )). It is found that the diffusion coefficient of Cr, D(Cr), in two stocks of spinels (referred to as cut-gems and gem-gravels) with very similar major element chemistry is consistently different, but the data in each stock yield well defined Arrhenius relations that show a difference of log D of 0.6-1.0, depending on temperature, with the D(Cr) in gem-gravel being higher than that in the cut-gem stock. The D(Cr) was found to have a positive dependence on f(O 2 ) in the range of f(O 2 ) of around ±2 log units relative to that of the wü stite-magnetite buffer. The difference in the D(Cr) between the two stocks and the observed D(Cr) vs. f(O 2 ) relation has been explained in terms of a change of point defect concentration resulting from heterovalent substitution of trace elements and equilibration with the imposed f(O 2 ) conditions, respectively. Assuming a homogeneous semi-infinite matrix, the closure temperature (T c ) of Cr diffusion in spinel has been calculated as a function of grain size, cooling rate, peak temperature (T o ) and f(O 2 ). Also the dependence of D(Cr) and T c (Cr) on the Cr# (i.e. Cr/(Cr + Al) ratio) has been accounted for using available D(Cr) vs. Cr# data in Suzuki et al. (2008) . We argue, on the basis of crystal chemical considerations and available diffusion kinetic data for minerals, that the T c for Mn should be much lower than that for Cr in spinel, olivine and orthopyroxene, and discuss the potential implications of the anticipated disparity between T c (Cr) and T c (Mn) for the estimation of the ( 53 Mn/ 55 Mn) o ratio from an internal isochron defined by these minerals. Finally, we discuss the problem of determining the T c for an internal isochron in relation to the individual T c (Cr) for spinel, olivine and orthopyroxene.
INTRODUCTION
Spinel is a common oxide mineral found in ultramafic rocks and chondritic meteorites and often displays compositional zoning of the divalent cations, Mg and Fe, and the trivalent cations, Cr and Al. The diffusion parameters for these cations in spinel are, therefore, of considerable interest as they permit modeling of the observed compositional zonings to constrain the thermal history of the host rocks (e.g. Ozawa, 1984) and also analysis of diffusion controlled creep (Suzuki et al., 2008) . In addition, Cr diffusion in spinel is of specific interest in the problem of 53 Mn- 53 Cr cosmochronology of the early solar system objects (e.g. Allegre, 1985, 1988; Lugmair and Shukolyukov, http://dx.doi.org/10.1016/j.gca.2015.11.018 0016-7037/Ó 2015 Elsevier Ltd. All rights reserved.
1998; Nyquist et al., 2009) . In this decay system, the shortlived radionuclide 53 Mn decays to 53 Cr by electron capture with a half-life of 3.7 ± 0.4 My (Honda and Imamura, 1971) , which is one of the longer half-lives among the short-lived nuclides used in early solar system chronology. It has, thus, emerged as an important tool to constrain the relative ages of events within the first 20 Ma of solar system evolution when 53 Mn was still extant. Excess 53 Cr relative to terrestrial values has been detected in different types of primitive material such as Ca-Al-rich inclusions or CAIs Allegre, 1985, 1988; Papanastassiou et al., 2005) , chondrules (Nyquist et al., 2001a (Nyquist et al., , 2009 Yin et al., 2007) , ordinary chondrites (Lugmair and Shukolyukov, 1998; Nyquist et al., 2001b Nyquist et al., , 2009 ), carbonaceous chondrites (Birck et al., 1999; Moynier et al., 2007; Gö pel et al., 2015) ; CI carbonates (Endress et al., 1996; Hutcheon and Phinney, 1996; Hutcheon et al., 1999; Jilly et al., 2014) , enstatite chondrite sulfides (Wadhwa et al., 1997) , and various achondrites (Lugmair and Shukolyukov, 1998; Nyquist et al., 2001b) . Nyquist et al. (2009) provided a compilation of 53 Mn- 53 Cr ages, along with the ages determined by short-lived decay systems in igneous differentiated meteorites and chondrules from ordinary chondrites.
In two earlier studies, Ito and Ganguly (2006) and Ganguly et al. (2007) determined the Cr diffusion kinetics in olivine and orthopyroxene, respectively, as function of temperature, f(O 2 ) and crystallographic direction, and explored their implications for the 53 Mn- 53 Cr chronology of early solar system objects. In this work, we extend the study to spinel, another mineral that has been used to define Mn-Cr internal isochrons. Since spinel has very low Mn/Cr ratio, it serves as an important ''anchor" for defining the relationship between 53 Cr/ 52 Cr and 55 Mn/ 52 Cr ratios of minerals, which ultimately enables determination of the age of a sample relative to a reference age, as discussed later.
There have been two previous studies on Cr 3+ diffusion in spinel, one by Stubican and Osenbach (1984) and the other by Suzuki et al. (2008) . The first group determined volume diffusion of 51 Cr tracer isotope in spinel as a by-product of their experimental investigation of grain boundary diffusion of Cr in spinel at 1400-1650°C and 1 bar pressure, using stoichiometric MgAl 2 O 4 spinel synthesized by a fusion cast method. Suzuki et al. (2008) , on the other hand, studied coupled Fe-Mg and Cr-Al inter-diffusion in spinel at 3-7 GPa, 1400-1700°C. Both of these studies were carried out at conditions that are far removed from those relevant to the understanding of diffusion kinetic control in 53 Mn- 53 Cr cosmochronology. Extrapolation of these data to the conditions of interest for this cosmochronology in early solar system events is associated with such large uncertainty as to render them practically meaningless for understanding the diffusion kinetic effects on 53 Mn- 53 Cr chronology. In this study, we have thus carried out tracer diffusion experiments of Cr in spinel at 1 bar, 950-1200°C under controlled f(O 2 ) conditions to better constrain its diffusion kinetic behavior at conditions of planetary processes, and explored its implication for the 53 Mn- 53 Cr chronology of early solar system objects, taking into account the likely diffusion kinetic property of Mn in spinel.
EXPERIMENTAL STUDIES

Starting material
For diffusion experiments, we used two independently acquired stocks of natural spinel crystals of very similar major element chemistry, Mg 0.98-0.99 Fe 0.02-0.01 Al 1.99 O 4 , from Okkampitiya, Moneragala District, Uva Province, Sri Lanka. Both stocks were of gem quality, but one came as faceted relatively large (3 Â 5 Â 7 mm) and expensive single crystals and was said to have been mined from rocks, while the other consisted of irregular shaped smaller crystals (3 Â 5 Â 5 mm) and was said to have been collected from gravels. All grains were transparent and violet to dark pink in color. For convenience, we refer to the two different sample stocks as ''cut-gems" and ''gem-gravels", respectively. Microprobe spot analyses (carried out in a Cameca SX100 unit) of the grains show them to be chemically homogeneous at both intra-granular and inter-granular scales. Full chemical analysis of two representative grains from each stock is given in Table 1 . The data represent the mean of 20 spot analyses (±1r) that were widely distributed over the polished surface of each grain.
Initially a wave length dispersive scan of the samples at 25 kV, 299 nA was carried out to identify the trace elements. The conditions for the quantitative analyses were as follows: 25 kV, 20 nA, with 20 s peak times for Al, Mg, Fe, Zn, and 25 kV, 299 nA for all others; the peak time for each element in the latter group was 30 s, except for Ta for which the peak time was 40 s. The background times were the same as the peak times, except for Zn, which had a one-sided background of 10 s. Corrections were made for possible interference of Ti Kb on V Ka, V Kb on Cr Ka, and Cr Kb on Mn Ka. The standards were Mg-and Al-rich spinel for Mg and Al, Cr-spinel for Fe and Cr, ZnO for Zn, olivine (Fo 92 ) for Si, rutile for Ti, V metal for V, Ni metal for Ni, rhodochrosite for Mn and LiTaO 3 for Ta.
All samples chosen for diffusion experiments were carefully checked under an optical microscope to ensure that they were free of inclusions and fractures. To minimize material loss, the larger crystals were cut into several 1-2 mm thick wafers using a diamond-studded wire saw. These wafers were mounted in epoxy and polished stepwise down to a 0.3-micron finish using alumina abrasives. Epoxy mounts were cut using a low-speed saw and soaked in acetone to release the polished samples. Samples were then repolished by hand for 30 s using colloidal silica suspension on OP-chem cloth from Struers; the last step was intended to remove potentially damaged near surface layers produced by the abrasive effect of mechanical polishing. The samples were then placed in an ultrasonic bath for twenty minutes to remove any remaining surface residues. The time necessary for the last step was determined by testing ''dummy" samples that were checked under a binocular microscope at different time steps to see the improvement/ degradation of the ''shine" on the crystal surface with increase of polishing time.
Diffusion experiments
All experiments were conducted in a vertical gas-mixing furnace at controlled f(O 2 ) conditions imposed by a computer controlled flowing mixture of CO and CO 2 . The experimental conditions and data are summarized in Table 2 . The polished spinel samples were thermally preannealed for 24-72 h at or close to the temperatures and f(O 2 ) conditions for diffusion experiments to equilibrate the point defects that are affected by T À f(O 2 ) conditions and eliminate the line defects. A thin layer of diffusant was deposited on a polished sample surface by thermal evaporation of $0.5 mg of Cr 2 O 3 (99.8% pure) under high vacuum (4.3 Â 10 À5 mbar). In order to induce a diffusion profile, samples with a surface layer of Cr were annealed at temperatures between 950 and 1200°C at 1 bar for desired lengths of time in the gas mixing furnace. An internal zirconia sensor placed within 1.5 cm of the sample location, and with a reference junction at f(O 2 ) of air, was used to monitor f(O 2 ) condition continuously during each experiment. For the experiments reported in Table 2 , there was excellent agreement, within $0.01 to 0.02 V, between the emf calculated for the intended f(O 2 ) condition and that recorded by the zirconia sensor. (Using the Nernst relation, it can be easily shown (e.g. Ganguly, 2008 ) that the equilibrium f(O 2 ) imposed by the CO-CO 2 mixture and the emf of the zirconia sensor are related according to emf = (RT/4F) ln (f(O 2 ) eq /f(O 2 ) air ), where F is the Faraday constant). The f(O 2 ) values reported in the Table 2 correspond to those calculated from the imposed CO/CO 2 mixing ratio. For experiments intended to determine the temperature dependence of the diffusion coefficient, the f(O 2 ) conditions were controlled to those defined by the wü stite-magnetite (WM) buffer. A limited number of experiments were also conducted at 1100°C at f(O 2 ) conditions 2.1 log units above and 2.0 log units below the WM buffer to study the effect of f(O 2 ) on Cr diffusion in spinel. The choice of f(O 2 ) of WM buffer for the bulk of our experiments was dictated by the desire to minimize the use of CO, which is an expensive and toxic gas, and at the same time to have a low f(O 2 ) condition.
Experimentally induced Cr diffusion profiles were measured by depth-profiling with a Cameca ims 6f Secondary Ion Mass Spectrometer (SIMS) housed in the School of Earth and Space Exploration at the Arizona State University. The details about the analytical protocol are discussed in the next section. The effect of ion beam mixing on diffusion profiles (e.g. Montandon et al., 2006) in the SIMS analysis, which is discussed below, was evaluated by conducting zero time experiments (ZTE) in which a dummy sample was analyzed under identical analytical conditions as employed for the samples from the diffusion experiments. This sample was prepared by depositing the diffusant material on a polished surface of a spinel crystal in the same way as in the diffusion experiments and annealing it at 900°C for 50 min, which is too short to induce significant Cr diffusion at this temperature. The durations of the diffusion experiments were such that the profile lengths are at least three times the ZTE profile, which is $350 Å . Overall the profile lengths of the diffusion experiments are 3-10 times the ZTE profile. Time series experiments were conducted at 1100°C and f(O 2 ) condition of WM buffer to assess if there was any contribution from non-diffusive processes to the development of the concentration profiles of Cr in spinel.
Measurement and modeling of diffusion profiles
For the purpose of SIMS analysis, a thin film of Au was deposited on the sample surface to dissipate the electrostatic charge resulting from interaction with the primary ion beam (PIB), which consisted of 16 O 2 À ions accelerated at À12.5 kV. The PIB, with an average current of 22 nA, was rastered over $125 Â 125 lm 2 area for depth profiling. Positive secondary ions were accelerated to the mass Table 1 Compositions of two stocks of spinels (Gem-gravel and Cut-gem) used in the diffusion experiments. The data represent the mean of 20 spot analyses on each sample; r stands for standard deviation from the mean.
Oxides
Gem spectrometer at 5 kV. In order to limit contribution of secondary ions from the crater walls, a field aperture was placed in the pathway of the secondary beam to allow only ions originating from a 30 lm-diameter circular area in the center of the crater into the mass spectrometer. This procedure effectively eliminates the surface and crater wall ions from entering the mass spectrometer . In earlier studies from our group, an O À PIB was used for SIMS depth profiling (e.g. Ganguly et al., 1998a; Ito and Ganguly, 2006; Sano et al., 2011) . However, in the course of this and two other contemporary studies from our group (Bloch and Ganguly, 2014; Fe, and 197 Au) were also measured sequentially during the sputtering process in order to monitor the stability of the analyses and to help determine the location of the thin film and crystal surfaces. Secondary ion intensities of the species were obtained in peak switching mode, with each measurement cycle requiring 2 s for Cr and Au, 1s for Fe, and 0.5 s for Mg and Al. A total of 150-300 measurement cycles were typically obtained in each profile analysis. A typical depth profile for 52 Cr and selected non-diffusing species in spinel is shown in Fig. 1 .
The crater depth within a sample was measured by an Alphastep 200 surface profilometer that was calibrated periodically against known standards. The crater depths ranged between 2650 and 6250 Å , with an average error of 1% in each crater. The error in a crater depth measurement was estimated on the basis of measurements along four pair of profilometer lines, with the lines in each pair being normal to one another. The crystal surface (x = 0) below the thin film has been assumed to approximately coincide with the position where the 197 Au signal intensity was reduced to 80% of its peak value during depth profiling. The rationale for this practice lies in the correspondence between the 197 Au signal intensity and depth of the Au film, as determined by Rutherford back-scattering (RBS) analysis. Data within a transient zone of $400 Å ( Fig. 1) were neglected for the purpose of modeling diffusion profiles. The width of the transient zone corresponds to the domain within which the count rates of the non-diffusing species were found to change rapidly and were sometimes erratic. There is sharp rise in the count rate of 56 Fe within and beyond the transition zone as the distance approaches zero (Fig. 1 ). Since the crystal had a uniform initial Fe content and there is no source of Fe on the crystal surface, this rise of the count rate of 56 Fe is interpreted to be due to change of chemistry of crystal surface resulting from energetic interaction of the PIB and mixing (different species show different behavior) until a steady state is reached after several analytical cycles. On the other hand, the slow but progressive drift of the 56 Fe signal with increasing depth beyond the transition zone is due to the lack of adequate charge compensation scheme in Cameca software. This problem has been fixed later, but unfortunately after all data for this project were collected and modeled. We have, however, tested the effect of improved charge compensation scheme and found it to somewhat extend the length of a profile relative to that measured without charge compensation, thereby causing a change of retrieved D(Cr) value by a factor of $1.2. All results (Table 2) are presented using SIMS depth profiling data without charge compensation. With respect to applications of the diffusion data to calculate closure temperatures of Cr diffusion in spinel, we found that increasing D(Cr) by a factor of 1.2 lowers the closure temperature by $7°C for conditions of planetary interest.
Most experimental profiles were best fit with the constant source solution to the diffusion equation for diffusion into a semi-infinite medium. However, some of the long profiles were best fit with the solution of the diffusion equation for diffusion into a semi-infinite medium from a thin film plane source, in which the concentration of the diffusant became depleted with time. The solutions of these two types of diffusion problems are given by Crank (1975) for zero initial concentration. For arbitrary initial composition in a homogeneous medium, the solutions in Crank (1975, Eqs. 2 .45 and 2.7) for constant source and thin film problems modify, respectively, to
Cðx; tÞ À C 1 Cð0; tÞ
where C s is the fixed concentration of the diffusing species at the crystal surface, C(x,t) is the concentration at a distance x and time t, C 1 is the concentration at a sufficiently large distance into the substrate such that it represents the constant initial concentration, A is a constant and D is the diffusion coefficient that is assumed to be a constant at a fixed temperature. It can be easily verified that the above solutions satisfy the diffusion equation,
, and the boundary conditions (C(x,t) = C 1 at x ) 0 in both cases, and equal to C s at x = 0, t > 0 for constant source problem). For a fixed T-t condition, the pre-exponential term in Eq. (2) Cr according to the above solutions. The thin film solution was used only when the infinite source solution deviated progressively from the measured data near the crystal surface as x ? 0. The data modeled by thin film solution are marked in Table 2 by the supercsript letter a. The quality of fits according to the two solutions to the data illustrated in Fig. 2b is compared in Fig. 2c . It is noted that both solutions yield comparable values for D(Cr), within 0.2 log units, but we preferred the thin film solution because of the superior quality of fit to the measured data.
We also show in Fig. 2 the Cr/(Cr + Al) within the diffusion zone of spinel. These values were calculated from the ratio of the secondary ion intensities of Cr, Al, and Mg, defined as I(b)/I(Mg) where b represents Cr or Al, the wt% of MgO as determined from the microprobe analysis, and the sensitivity factor (F) of b relative to Mg, according to
The parameter F was calculated from the secondary ion intensities of b (i.e. Al or Cr) and Mg beyond the diffusion zone and the b 2 O 3 and MgO contents in this zone (Table 1) . The wt% b 2 O 3 was then converted to molar Cr/(Cr + Al).
Results
The results of time series experiments are summarized in Table 2 and illustrated in Fig. 3 . The error bars on the data points in this and other figures were calculated following the procedure in Sano et al. (2011) . It accounts for the errors in the location of crystal surface (±50 Å ), determination of crater depth and scatter of the Au (surface layer) and the non-diffusing species 56 Fe in a gem-gravel spinel that was diffusion annealed at 1150°C for 24.3 h at f(O 2 ) conditions corresponding to the WM buffer. The crystal surface was located to coincide with the depth at which the 197 Au was reduced to 80% of its peak value as shown by the long dashed vertical line. The short dashed vertical line represents the limit of the SIMS transient zone from which data are neglected for the purposes of modeling.
experimental data. The data in Fig. 3 show the diffusion coefficient obtained from experiments with gem-gravels to be 0.8 log units greater than that obtained using the cutgem stock of spinel samples. The diffusivity of Cr in the gem-gravel stock has been found to consistently greater by 0.6-1.0 log units (increasing with temperature), than that in the cut-gem stock within the experimental range of temperatures. This is a surprising but interesting finding that merits careful consideration of the role of point defects arising from small differences in the concentration of minor elements in spinels of otherwise quite similar compositions. A detailed study of this nature is, however, beyond the scope of the present work. Nonetheless, we present below (Section 2.5.1) a qualitative explanation about the probable cause of the difference between the D(Cr) data for the two stocks of spinel crystals.
The results for Cr diffusion experiments in spinel are presented in Table 2 and the diffusion data at different temperatures for f(O 2 ) corresponding to that of the WM buffer condition are illustrated in Fig. 4 . Weighted least squares regression to the log D(Cr) at the WM buffer vs. 1/T yields the following diffusion parameters (±1r) that are related to the diffusion coefficient according to the Arrhenius relation, D = D o exp(ÀE/RT), where E is the activation energy of diffusion.
Cut gem
Gem gravel
Here E eff stands for the activation energy resulting from temperature variation along the WM buffer. Henceforth, diffusion parameters defined for a specific f(O 2 ) buffer is indicated by the subscript eff. The error bars of the diffusion parameters were calculated according to the statistical method given in Liermann and Ganguly (2002) and Tirone et al. (2005) . The f(O 2 ) dependence of Cr diffusion was studied using only ''cut gems" within a range of log f(O 2 ) (with f(O 2 ) in bars) of À12.9 to À8.8. Increasing f(O 2 ) was found to enhance the Cr diffusion in spinel, and the results (Fig. 5) , yield the following relation upon least squares regression log D ¼ 0:205ðAE0:015Þ log f ðO 2 Þ À 18:3ðAE0:2Þ: Fig. 3 ) do not reveal any interference from non-diffusive processes to the development of the diffusion profiles. On the other hand, the consistent difference between the D(Cr) data of the two stocks of spinels (Figs. 3 and 4) , despite exactly the same experimental protocols and very similar major element chemistry is puzzling, but interesting. We think that an explanation should be sought in terms of differences in extrinsic vacancy concentrations, which are not related to the oxidation state of transition metal ions in the two stocks, since this type of point defects are not affected by pre-annealing or f(O 2 ) condition. This prompted us to carefully look at the minor and trace element concentrations by wave length dispersive analysis, as discussed above (Section 2.1). All trace elements that were found to be present in detectable concentrations in the wave length dispersive analysis have been reported in Table 1 . Upon comparing the analyses of the two stocks of spinels, we note that the gem-gravel has a Ta content of $340 ± 60 (1r) ppm, whereas in the cut-gem the Ta content is not detectable within the analytical error (30 ± 35 ppm). The valence state of Ta has been found to be 5 + at f(O 2 ) ranging between IW + 6.7 and IW À 4.3 (IW: iron-wü stite buffer) at 1400-1600°C (Burnham et al., 2012) . It is, thus, reasonable to assume that Ta in spinel is also at 5+ state and is completely restricted to the octahedral site because of its ionic radius (no mineral is known in which Ta substitutes in tetrahedral site; the table of ionic radius of Shannon, 1976 , lists the oxygen coordination numbers of Ta 5+ as VI, VII and VIII). In that case, substitution of Ta 5+ for trivalent octahedral cations in spinel would require formation of extrinsic cation vacancies to preserve charge balance. These extrinsic vacancies could have facilitated relatively rapid diffusion of Cr 3+ in the gem-gravels compared to the cut-gems. If this is accepted, then the diffusion of an octahedral cation does not take place completely via tetrahedral vacancies, as suggested by Murphy et al. (2009) , but by a combination of tetrahedral and (extrinsic) octahedral vacancies. The possibility of enhancement of diffusivity through creation of extrinsic vacancies via heterovalent trace element substitutions in crystals needs to be carefully considered in the application of diffusion data to natural samples and inter-laboratory comparison of data.
Implication of the effect of f(O 2 ) on diffusion coefficient
The dependence of D(Cr) on f(O 2 ) (Fig. 5 and Eq. (4)) is very close to the 1/6th (0.17) power dependence of vacancy concentration on f(O 2 ) expected from thermodynamic treatment of the following homogeneous oxidation reaction (Morioka and Nagasawa, 1991; Ganguly, 2002) 
The spinels used in the present study are extremely rich in MgO. This causes a great reduction of the chemical potential of FeO(surface) and hence its stabilization in a (Fe,Mg)O surface solution. In the spinels, Fe 2+ was very likely to have been completely ordered into the tetrahedral sites, in which case increasing f(O 2 ) would have caused an increase of tetrahedral vacancies according to the reaction (a). In spinel, Cr 3+ (d 3 -ion) substitutes in the octahedral site because of crystal field stabilization energy (CFSE). It is possible that although we used Cr 2 O 3 as the source of Cr in our experiments, the valence state of Cr has changed, at least partly, to the divalent state. This would have caused a reduction of CFSE in the octahedral site (from À(6/5)D to À(3/5)D, where D is the magnitude of crystal-field splitting between the mean energy levels of the t 2g and e g orbitals), but on the other hand, the ionic radius of Cr would have increased because of the reduction of its valence state, thereby restricting it completely to the octahedral sites (r(Cr 2+ , VI) = 0.73 Å ; Shannon, 1976) . Consequently, the observed f(O 2 ) dependence of D(Cr) and its compatibility with the dependence of tetrahedral vacancy concentration on f(O 2 ) suggests that the diffusion of Cr in spinel is influenced by tetrahedral vacancies. This finding seems to be compatible with that of Murphy et al. (2009) who have shown by atomistic computer simulations that the preferred mechanism for the migration of octahedral Al 3+ in spinel is via a vacancy mechanism in the tetrahedral sublattice rather than its own sublattice. Thus, considering the discussion in the last section, it seems likely that both tetrahedral vacancies and extrinsic octahedral vacancies affect the transport of octahedral cations in spinel. Also, if some Cr in our sample were in the divalent state at the imposed f(O 2 ) conditions, then the Cr 3+ /Cr 2+ ratio would have increased with increasing f(O 2 ) and thus affected the diffusivity of bulk Cr if the Cr 2+ and Cr 3+ have significantly different diffusivities in spinel.
The temperature dependent minimum in the log D(Fe) vs. log f(O 2 ) relation in magnetite was explained quantitatively by Dieckmann and Schmalzried (1977) by a model of change of diffusion mechanism from an interstitial one at f(O 2 ) below the minimum to a point defect mechanism, according to the reaction (b), at f(O 2 ) above the minimum. At 1100°C, the minimum was found to be at log f(O 2 ) $ À8. The Cr diffusion data illustrated in Fig. 5 shows a linear increase of log D(Cr) vs log f(O 2 ) from log f(O 2 ) of À12.9 to À8.8 at 1100°C. Thus, diffusion of Cr in spinel in this study did not take place via an interstitial mechanism at f(O 2 ) conditions even at four orders of magnitude below that at which this mechanism became dominant for diffusion of Fe in magnetite. It cannot, however, be ruled out that a change of diffusion mechanism for Cr in spinel could take place at some even lower f(O 2 ) condition.
Compositional effect on D(Cr)
From analysis of their experimental data on the interdiffusion of Cr and Al in diffusion couples of spinel at high PÀT conditions, Suzuki et al. (2008) determined the tracer/ self-diffusion coefficients of Al and Cr, and showed that both log D(Al) and log D(Cr) vary almost linearly with Cr#, defined as the Cr/(Cr + Al) ratio. 
Activation energy at constant f(O 2 ) condition
The effective activation energy of diffusion retrieved from regressing log D(Cr) vs. reciprocal temperature at f(O 2 ) of WM buffer has two components, viz. (a) the effect of change of temperature and (b) the effect of change of f(O 2 ) due to change of temperature along the buffer. To separate out the two components, we express ln D = f(1/T, ln f(O 2 )) at a constant pressure. Thus, writing the total derivative of ln D and differentiating both sides of the expression with respect to 1/T, we have, at constant pressure
The left hand and the first right hand term equals, respectively, ÀE eff /RT and ÀE th /RT, where E eff is the effective activation energy retrieved from regressing the experimental ln D vs. 1/T data along an f(O 2 ) buffer and E th stands for the (thermal) activation energy resulting from the ln D vs. 1/T relation at constant f(O 2 ) condition. Using Eq. (4), the second parenthetical term is 0.2 (±0.02), and from the data in O'Neill (1988), the last derivative term is found to be À74,928. (From thermodynamics, dln f(O 2 )/d (1/T) = 2DH°/R where DH°is the standard state enthalpy change of the reaction 3FeO + 1/2 O 2 = Fe 3 O 4 , with the pure states of the solid phases at P-T and pure gas at 1 bar -but strictly at unit fugacity-, T being chosen as their respective standard states; DH°is effectively independent of T for a temperature interval of several hundred degrees.) Using the above identities and values, we obtain from Eq. (5), E th = E eff À 124.6 kJ/mol, and hence E th for cut gem and gem gravel as 94.4 and 152.4 kJ/mol, respectively.
In nature, f(O 2 ) is usually buffered by some oxygen fugacity buffer assemblage. The temperature dependences of the buffer assemblages are not the same as, but comparable to that of the WM buffer. Thus, straightforward application of the diffusion data for Cr in spinel at f(O 2 ) of WM buffer (Fig. 4) , with adjustment of D o to appropriate f(O 2 ) condition according to Eq. (4), may not result in significant errors in the results, especially considering the uncertainties typically associated with treatment of natural processes. One could, however, also calculate the activation energy for a specific f(O 2 ) vs. temperature relation using Eq. (5) and E th value given above. Fig. 6 shows a comparison of our D(Cr) at f(O 2 ) of WM buffer with those of Stubican and Osenbach (1984) in synthetic MgAl 2 O 4 and D(Cr) data retrieved from the D (Cr-Al) data of Suzuki et al. (2008) , with both data sets being extrapolated to the P-T conditions of our experiments (1 bar, 950-1250°C). From the relationship between inter-and tracer-/self-diffusion coefficients for interdiffusion of two equally charged species (e.g. Manning, 1968; Ganguly, 2002) , D(i À j) = D(i) as X i ? 0. This relation was used to retrieve D(Cr) at Cr# $ 0 from the D o (Cr-Al) vs. Cr# relation given by Suzuki et al. (2008) .
Comparison with earlier studies
The solid lines in Fig. 6 show the experimental temperature range of the respective data sets, whereas the dashed lines show the 95% confidence intervals of the Arrhenius relations (and their extrapolations) of Stubican and Osenbach (1984: red color) and Suzuki et al. (2008: blue color) . Our data lie within the range encompassed by the extrapolated Arrhenius relations for the two data sets. Comparison with the data of Suzuki et al. (2008) involves a long extrapolation from the experimental pressure range of 30-70 Kbar to 1 bar, which was done by the authors using a measured value of effective activation volume along the C(graphite)-O buffer, DV þ eff , of 1.36 (±0.25) cm 3 /mol. The activation energy at 1 bar for Cr-Al inter-diffusion determined by Suzuki et al. (2008) is 520 (±81) kJ/mol, which is much larger than that of Cr diffusion determined in this study. The E eff determined in this study for the gem-gravel stock (277 ± 37 kJ/mol) is, however, comparable to that determined by Stubican and Osenbach (1984) for Cr diffusion in synthetic MgAl 2 O 4 , which is 306 ± 58 kJ/mol. However, this agreement may be fortuitous since the diffusion mechanism in the gem-gravel stock, as discussed above, and in the pure synthetic MgAl 2 O 4 crystals studied by Stubican and Osenbach (1984) might have been quite different.
The large uncertainties in the extrapolated data sets of Stubican and Osenbach (1984) and Suzuki et al. (2008) at the low temperature conditions that are of interest in the planetary processes (see below) underscore the need for determination of Cr diffusion kinetics in spinel at much lower temperatures, as has been done in this work. Also, application of diffusion data for synthetic crystals (Stubican and Osenbach, 1984 Fig. 7 a two point spinel (chromite)-olivine isochron determined by Birck and Allegre (1988) for the Eagle Station pallasite. The rationale behind this procedure and the assumption involved may be appreciated from the Mn evolution diagram. The sample is from Eagle station pallasite in which a two point isochron is defined by the Cr and Mn isotopic compositions of chromite-spinel and olivine separates. Modified from Birck and Allegre (1988 
where the first and last terms on the right indicate, respectively, the initial Cr isotopic ratio at t = 0 (characterized by a closure temperature T c (Cr)), and the growth of Cr isotopic ratio (from the decay of 53 Mn to 53 Cr) during the period t. The last term on the right can be expressed as 53 Mn/ 55 Mn) o isotopic ratios is valid, a proper appreciation of closure temperatures of Cr in different minerals is important to relate the age derived from an internal isochron to temperature at which the Mn-Cr geochronological clock was set.
Closure temperatures of Cr and Mn diffusion in spinel surrounded by a homogeneous infinite matrix
The concept of closure temperature (T c ) was first formalized in a seminal paper by Dodson (1973) , who provided an analytical solution of T c as a function of cooling rate, grain size, crystal geometry and diffusion properties of the species of interest. This widely used formulation is, however, applicable to systems in which the quenched concentration of the diffusing species is removed from its concentration established at the peak thermal condition by a critical amount, and in which the matrix behaves as a homogeneous and effectively infinite medium. Ganguly and Tirone (1999) developed a modified version of the Dodson formulation, referred henceforth as DGT formulation, by removing the first assumption so it becomes applicable to minerals without any restriction on the amount of diffusive loss. Their modified expression of T c , expressed in the commonly used form of the Dodson (1973) equation, is as follows:
where ðdT =dtÞ T C is the cooling rate at T c , a is a characteristic dimension (radius for sphere and cylinder and half-width for plane sheet), and A 0 replaces Dodson's geometric factor, A. While A is a constant for a specific geometry of the grain, A 0 = Aexp(g), where g is a function of a dimensionless parameter, M, that is given by
The relationship between g and M is given in mathematical and tabular forms by Tirone (1999, 2001) respectively. In the above equation, D(T o ) is the diffusion coefficient at the peak temperature, T o , and g is a cooling time constant (with dimension of K À1 t À1 ), which relates temperature and time according to an asymptotic form
This form of T-t relation was also used in the original closure temperature formulation of Dodson (1973) . While in Dodson's formulation, T c is independent of T o , the appearance of the D(T o ) term in Eq. (10) makes T c dependent, in general, on T o . This dependence vanishes when M exceeds a critical value that depends on the crystal geometry (0.3 for a sphere, 0.5 for a cylinder and 1.2 for plane sheet) (Ganguly and Tirone, 1999) . In Eq. (9), one can use a cooling rate at any temperature, T 0 , instead of that at T c , by replacing the T c term in the numerator by T 0 . For brevity, a T c calculated on the basis of Eq. (9) will be often referred to as DGT-T c .
We have used the online software package of Ganguly and Tirone (1999) (http://www.geo.arizona.edu/~ganguly/ pub/DIFF-CL) that solves Eq. (9) to calculate the closure temperatures (T c -s) of Cr and Mn in spinel as a function of T o , radius (r) and cooling rate at specified f(O 2 ) conditions. For Cr, we have used our experimental diffusion data for both stocks of spinel, gem-gravel and cut-gem, as given above and illustrated in Fig. 4. Fig. 8 shows the calculated T c (Cr) vs. cooling rate for specific values of T o and r, using the D(Cr) data at the WM buffer. The lowermost blue line illustrates the effect of increasing the Cr# to $1 for r = 0.5 mm and T o = 900°C. It should be noted that the calculated effect of increasing of Cr# from $0 to 1 also absorbs the effect of increasing Fe 2+ # (i.e. Fe 2+ /(Fe 2+ + Mg)) from $0 to 0.5, as discussed above (Section 2.5.3).
The main body of Fig. 8 is for diffusion data for cutgems, whereas the inset shows the difference in the T c values corresponding to the two sets of diffusion data. The two sets yield almost the same T c for T o = 900°C, but the DT c could be as much as 50°C for T o = 1100°C with T c (cut-gem) being lower than T c (gem-gravel). The cooling rates plotted on the horizontal axis are the initial cooling rates. These may be converted to the cooling rate at any other tempera-ture according to the relation (CR) T2 /(CR) T1 = (T 2 /T 1 ) 2 which follows from the T-t relation given by Eq. (11).
Since no data for Mn diffusion in spinel are available as yet, we have assumed D(Mn) to be the same as D(Fe 2+ ) in spinel that has been determined by diffusion couple experiments by Liermann and Ganguly (2002) . This is a reasonable approximation since Mn and Fe are nearest neighbor transition metals in the periodic table, and have very similar ionic radii in the divalent state in fourfold oxygen coordination (r(Mn 2+ ) = 0.66, r(Fe 2+ ) = 0.63 Å ) (Shannon, 1976) . Experimental studies using natural almandine-spessartine diffusion couples show D(Mn 2+ ) to be $0.5 log unit greater than D(Fe 2+ ) at 750-1050°C (Chakraborty and Ganguly, 1992) . Thus, the use of D(Fe + ) as a proxy for D(Mn 2+ ) may somewhat overestimate the closure temperature for Mn diffusion in spinel and, thus, would not affect our conclusions about the potential consequence of differential closure temperatures of Cr and Mn in spinel and other minerals for which D(Fe) is used as a proxy for D(Mn).
The Arrhenius parameters (D o and E) given by Liermann and Ganguly (2002) for Fe 2+ diffusion in spinel are at 21 kb pressure and f(O 2 ) defined by C(graphite)-O equilibrium. They have, however, provided a rough estimate of DV þ eff of 6 cm 3 /mol for the Fe
of the C(graphite)-O buffer (likewise E, DV þ eff also depends on the pressure dependence of f(O 2 ) for a given buffer -see Ganguly et al., 1998b) . Using this DV þ eff , we have adjusted D (Fe) to 1 bar; the corresponding f(O 2 ) at 1 bar, defined by the graphite buffer, falls below IW (iron-wü stite) buffer condition at T > 600°C (French, 1966) .
The calculated closure temperatures for Cr and Mn in spinel as a function of initial cooling rate and grain size are compared in Fig. 9 ; the initial temperature, T o , is assumed to 1100°C for all calculations illustrated in this figure. For Cr, all but the top curve (red) and bottom (blue, dotted) curves have been calculated using D(Cr) at WM buffer f(O 2 ) conditions and Cr# $ 0. For the top curve, we used D(Cr) at Cr# $ 0 at f(O 2 ) that is three orders of magnitude below the WM buffer (WM À 3) and r(grain radius) of 2.0 mm. One may develop an appreciation of the effect of f(O 2 ) on T c (Cr), which is needed for application of the closure temperature calculation to natural samples, especially meteorites, by comparing the results for the 2 mm radius grain at f(O 2 ) conditions of WM and WM À 3 and Cr# $ 0. The lowermost T c (Cr) curve (blue, dotted) shows the effect of adjusting D(Cr) to Cr# $ 1 at f(O 2 ) of the WM buffer, according to the relation in the Section 2.5.3.
The data illustrated in Fig. 9 show T c (Mn) to be at least 300°C lower than T c (Cr) for cooling rates between 1°C/ My and 500°C/My and grain size (radius) of 0.5-2 mm. If D(Mn) has a positive dependence on f(O 2 ), which should be the case if Mn diffusion is mediated by point defects resulting from homogeneous oxidation of Fe 2+ , then the T c (Mn) at f(O 2 ) of the WM buffer should be somewhat lower than that illustrated in Fig. 9 . Thus, the difference between T c (Cr) and T c (Mn) in spinel could be even greater at the same f(O 2 ) condition. A survey of Cr 3+ (Ito and Ganguly, 2006; Ganguly et al., 2007) and divalent cation (M 2+ :Fe, Mn, Mg) diffusion data for olivine and pyroxene (Ganguly and Tazzoli, 1994; Dohmen et al., 2007; Morioka, 1981) also show Cr diffusion to be much slower than M 2+ diffusion in those minerals. Thus, T c (Mn) in these minerals should also be expected to be considerably lower than their T c (Cr).
In addition to T c for Cr and Mn in spinel, we have also calculated T c (Cr) in olivine and orthopyroxene, according to Eq. (9), as a function of T o , grain size and cooling rate, using the available diffusion kinetic data (Ol: Ito and Ganguly, 2006; Opx: Ganguly et al., 2007) and assuming a homogeneous infinite matrix (the cited authors also calculated T c (Cr) for different sets of conditions). In the diffusion experiments for both olivine and orthopyroxene, the f(O 2 ) was controlled to that of IW buffer conditions by a flowing mixture of CO and CO 2 , as in this study. The D (Cr) data for olivine by Ito and Ganguly (2006) at 1100°C at f(O 2 ) of IW and IW + 2 show a slight negative dependence of D(Cr) on f(O 2 ). Subsequently, Ganguly et al. (2007) found a mild negative dependence of D(Cr) in orthopyroxene on f(O 2 ) at 950 and 1100°C, and explained it in terms of a combination of vacancy mediated and interstitial diffusion mechanism. At any rate, the observed f(O 2 ) effects on D(Cr) in both olivine and orthopyroxene are too small to make any significant difference on T c (Cr) if the D(Cr) is adjusted to the f(O 2 ) of WM buffer.
The results for T c (Cr) of olivine and orthopyroxene vs. cooling rate for a spherical grain of 2 mm radius and T o of 1100°C are compared with T c (Cr) in spinel with Cr# $ 0 and $1 for the same set of conditions in Fig. 10 . Cr diffusion in olivine and orthopyroxene has been found to be anisotropic. Thus, we show two sets of T c for each mineral using the limiting values for the anisotropic diffusion since the problem of closure temperature of minerals with an anisotropic diffusion property has not yet been solved. For spinel, we have illustrated T c vs. cooling rate for 2 mm grain size of spherical geometry using diffusion data for both cut-gems (dotted line) and gem-gravel (solid line).
The closure temperature data illustrated in Fig. 10 show that for a specific set of conditions, the DGT-T c (Cr) in spinel could be higher than or comparable to that in olivine and orthopyroxene, depending on the Cr# in spinel and the dominant direction of diffusive flux out of the anisotropic minerals. If the Cr# in spinels is very high, as seems to be the case for the spinels used in 53 Mn-53 Cr cosmochronology, then the DGT-T c (Cr) in spinel could be similar to that of orthopyroxene or even olivine, depending on the dominant direction of diffusive flux of 53 Cr into/out of the anisotropic minerals. In reality, the T c of the different minerals would become coupled, as discussed below, if they are not physically separated beyond the range of effective chemical communications. Mn and the normalized residual of 53 Mn. Since it was produced by the decay of 53 Mn at a lower temperature than T c (Cr), the 53 Cr * produced during t 0 would have remained fixed within a mineral grain. However, the requirement of thermodynamic equilibrium would lead to a Mn isotopic exchange reaction of the following type between two minerals within the temperature interval defined by T c (Cr) and T c (Mn), henceforth referred to as DT c (Cr-Mn), unless they were too far apart for isotopic exchange at the imposed T-t condition. 53 Mn (and, therefore, gained 55 Mn) at T < T c (Cr) (e.g. the above reaction was driven to right and the mineral of interest is spinel), then 53 Cr * accumulated within the mineral since T c (Cr) would be less than that resulting from the closed system decay of 53 (7) may involve some error, depending on the cooling history of the rocks, initial temperature, grain size and extent of redistribution of Mn isotopes among minerals within the time interval of DT c (Cr-Mn). It, however, remains to be analyzed by numerical simulation, which we intend to undertake as a future study, if the errors are significant for plausible planetary scenarios.
To get a feeling for the spatial extent of Mn diffusion that could take place within a spinel grain during cooling since T c (Cr), we calculate the ''characteristic" diffusion lengths of Mn in spinel for a prescribed T-t path following the closure of Cr diffusion in spinel. For isothermal diffusion, the characteristic diffusion length (X ch ) is given by ffiffiffiffiffi Dt p . It can be easily shown (e.g. Crank, 1975; Ganguly, 2002 ) that for non-isothermal diffusion, X Ch ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi R DðtÞdt p , if the diffusion process does not involve any interface and radius of 2 mm. Solid lines represent T c for diffusion parallel to the c-axial or the fastest diffusion direction in olivine and orthopyroxene, and that for diffusion data for gem-gravel spinel (faster of the two stocks used in this study). Dotted lines represent the T c for diffusion parallel to the a-axial or the slowest diffusion direction in olivine and orthopyroxene, and for diffusion data in cut-gem spinel. The lowest (blue) line for spinel shows the estimated compositional effect on T c (Cr) for spinel with Cr# $ 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) movement. For brevity, we denote the right hand quantity as ffiffiffiffiffiffiffiffiffi hDti p . Several earlier studies (e.g. Kaiser and Wasserburg, 1983; Chakraborty and Ganguly, 1991; have used this integral quantity to treat non-isothermal diffusion problem using solution for isothermal diffusion equation. Now, for the form of cooling T-t path represented by Eq. (11), it can be shown that , where D (T ref ) is the diffusion coefficient at a reference temperature, t is the time lapse since T ref (t = 0) and g 0 = Eg/R. We set T ref as the T c (Cr) in a spherical spinel grain of 0.5 mm radius for cooling rates of 5, 25, 125°C/My at 1373 K. Using t = 3.7 Myr, which is the halflife of 53 Mn, g values corresponding to the specified cooling rates, according to Eq. (11), and the data for the estimated Mn diffusion in spinel, we get X Ch $ 2-3 mm, which is much larger than the prescribed spherical grain size of 0.5 mm radius. Increasing the grain size would raise the T ref and hence X Ch . From the available diffusion data, comparable diffusion lengths of Mn are also expected in olivine and pyroxene between T c (Cr) and T c (Mn) . Papanastassiou et al. (2005) found that the 53 Mn- 53 Cr age of CAIs in Allende, determined on the basis of ''isochron" defined by pyroxene and spinel separates is inconsistent with the age derived from the 26 Al-26 Mg system, and suggested that ''alteration of the inclusions has resulted in disturbed Mn-Cr systematics, through diffusion of Mn". Diffusion is a thermally activated process, and thus alteration per se does not induce volume diffusion within a crystal. However, volume diffusion of Mn isotopes could have been induced if the alteration had taken place above T c (Mn). Gö pel et al. (2015) have discussed evidences for disturbance of the Mn-Cr system and suggested ''very slow cooling history of the parent body" as a possible cause of this disturbance. This is compatible with the analysis presented above that show that there is a significant thermal window defined by DT c (Cr-Mn) within which the Mn isotopic property of a mineral could get disturbed by diffusive flux of Mn isotopes into/out of the minerals, depending on the nature of the matrix phases.
3.4. Closure temperature of 53 
Mn-53 Cr internal isochron
If the parent nuclide of a decay system closes at a temperature above that of the daughter nuclide, then the T c of the decay system in the mineral is that of the latter, if the condition of a homogeneous infinite matrix is satisfied. However, if the closure temperatures (T c -s) have the reverse order, then the situation becomes complicated, and the closure temperature of the decay system is not the lower of the two T c -s since the daughter product would have started accumulating at higher temperature beginning with its own T c . There are also additional complications that have been discussed with the aid of numerical simulations by with respect to Lu-Hf garnet-whole rock ages, in which DGT-T c of the parent nuclide, 176 Lu, is significantly lower than that of the daughter nuclide, 176 Hf, which is analogous to the situation for the 53 Mn- 53 Cr system. In the discussion that follows, we ignore the type of complications discussed by simply because we have not done a quantitative analysis of the problem as yet, but discuss the closure temperature of 53 Mn- 53 Cr internal isochrons assuming that for any mineral in the isochron, the T c is primarily determined by that of Cr, as would be the case for relatively rapidly cooled rocks for which there would be no significant diffusive exchange of 53 Mn within the time interval between T c (Cr) and T c (Mn).
In a bi-mineralic system, say spinel and olivine or pyroxene, there must be a unique closure temperature of the diffusing species that can exchange between the minerals, and in general be different from the DGT-T c of either mineral (this statement also holds for multi-mineralic systems and DGT-T c -s of the minerals). Jenkin et al. (1995) presented numerical simulations of coupled closure temperature, which they refer to as apparent closure temperature, T (app), of a bi-mineralic system with different relative volumes and grain sizes. They showed that the T(app) would lie essentially between the two limiting Dodson T c -s (Dodson, 1973 ) that were calculated assuming that each mineral was surrounded by a homogeneous infinite reservoir (HIR) for the diffusing species, provided that there was fast diffusing grain boundary network. The T(app) could even be the same as the Dodson T c of the fast diffusing mineral when the amount of small rim volumes of the slow diffusing mineral through which volume diffusion was effective was sufficiently large to act as a HIR (in a modern context, the Dodson T c should be replaced by DGT-T c ). For 53 Cr chronometry, this would be the case where olivine or pyroxene is embedded in a large polycrystalline matrix of spinel; the T(app) would be close to the DGT-T c of spinel despite the fact that it has slower diffusion property for Cr. Jenkin et al. (1995) also showed that for certain combination of grain sizes of the two minerals, T(app) could be higher than Dodson T c of both minerals. They explained this to be a result of each mineral behaving as a finite reservoir for the diffusing species. An example for such a situation could be the olivine-chromite aggregates in the Eagle Station pallasite (Fig. 7) in which fine-grained spinels are usually embedded in centimeter size olivine crystals (Birck and Allegre, 1988) .
SUMMARY AND CONCLUSIONS
We have determined the Cr diffusion kinetics in two stocks of gem quality spinels that have very similar major element chemistry (cut-gem: Mg 0.99 Fe 0.01 Al 1.99 O 4 ; gemgravel: Mg 0.98 Fe 0.02 Al 1.99 O 4 ) as a function of temperature (950-1200°C) and f(O 2 ) ($WM ± 2) by tracer diffusion experiments. Surprisingly, the diffusion coefficient in the cut-gem stock was found to be consistently smaller (0.6-1.0 log units) than that of the gem-gravel stock, despite the similarity of their major element chemistry, but the data sets for both define well constrained Arrhenius relations. According to an earlier study (Suzuki et al., 2008) , Cr dif-fusion in spinel is affected by the Cr/(Cr + Al) ratio or the Cr#. This effect has been incorporated to extend the domain of applicability of our data to spinels with high Cr# that are typical of those used in the construction of 53 Cr internal isochron of meteorite samples. The difference between the diffusivities of Cr in the two stocks is probably a consequence of that in their trace element content, especially Ta 5+ , which substitutes in the octahedral sites of spinel. Replacement of divalent or trivalent cations by Ta 5+ causes formation of positive ion (extrinsic) vacancies, and thus could facilitate diffusion of Cr, which also substitutes in the octahedral sites, regardless of whether it is in divalent or trivalent state. The Ta content of the cut-gem spinel is below the detection limit whereas it is $350 ± 60 ppm in the gem-gravel stock that showed faster Cr diffusion.
The diffusion coefficient of Cr has $1/6th power dependence on f(O 2 ). This type of f(O 2 ) dependence is expected for diffusion mediated by vacancies created from homogeneous oxidation of Fe 2+ in the lattice sites (tetrahedral sites in spinel). Thus, the diffusion of Cr in spinel seems to be influenced by vacancies in both tetrahedral and octahedral sites.
At the same T-f(O 2 ) condition, the D(Cr) in spinel determined in this study is much smaller than that in olivine and orthopyroxene, as determined in earlier studies. However, since D(Cr) in spinel increases with increasing Cr#, the DGT-T c (Cr) for spinel could be significantly higher or comparable to that for orthopyroxene or olivine, depending on the Cr# in spinel and the dominant directions of diffusive flux of Cr in the anisotropic minerals. We have discussed the implications of the difference in T c (Cr) values for the closure temperature of 53 Mn- 53 Cr internal isochron that involves spinel and one of the other minerals assuming that the Mn isotopic properties of the minerals were not affected after closure of Cr diffusion.
A full evaluation of the closure problem of the 53 Mn- 53 Cr decay system not only requires diffusion data for Cr, but also that for Mn in the minerals used to determine internal isochrons. Unfortunately, the appropriate data for Mn diffusion are still lacking. However, crystal chemical considerations and available diffusion data suggest that D(Mn 2+ ) is likely to be almost as large, if not slightly larger, than D(Fe 2+ ). Consequently, T c (Mn) should be expected to be much lower than T c (Cr) in spinel, olivine and orthopyroxene. The anticipated difference between the closure temperatures of Cr and Mn could be potentially problematic for the determination of the ( 53 Mn/ 55 Mn) o ratio from internal 53 Mn- 53 Cr isochrons, and thus the relative 53 Mn- 53 Cr ages of samples.
